It is commonly thought that visuomotor adaptation is mediated by the cerebellum while 14 reinforcement learning is mediated by the basal ganglia. In contrast to this strict dichotomy, 15 we demonstrate a role for the basal ganglia in visuomotor adaptation (error-based motor 16 learning) in patients with Parkinson's disease (PD) by comparing the degree of motor 17 learning in the presence and absence of dopamine medication. We further show similar 18 modulation of learning rates in the presence and absence of subthalamic deep brain 19 stimulation. We also report that reinforcement is an essential component of visuomotor 20 adaptation by demonstrating the lack of motor learning in patients with PD during the ON-21 dopamine state relative to the OFF-dopamine state in the absence of a reinforcement signal.
perturbation, the cursor movement was rotated according to equation (1 
natural learning rate for a subject. To compute the population learning in perturbation trials, 150 errors were fitted with an exponential fit using a robust least squares method.
151
Statistical analysis: 152 The data were assessed for normality using Lilliefors test. For pairwise comparisons between 153 the groups, a two-tailed t-test was performed if the data was normally distributed otherwise 154 Wilcoxon signed-rank test was used. Comparison of two independent groups was made using 155 a two-sample t-test was used for normally distributed data; otherwise a Wilcoxon rank-sum 156 test was used. Furthermore, to compute the effect size we used the Cohen's d test as well as
Visuomotor adaptation in patients with degenerative cerebellar disease (Experiment 1): 162 To confirm the role of the cerebellum in visuomotor adaptation, we assessed motor learning 163 in patients with autosomal dominant cerebellar ataxia (n=20) and compared their learning 164 with age and gender matched healthy controls (n=20) ( Figure 1A & 1B) . Both groups 165 performed point-to-point reaching movement in a visuomotor adaptation task where the 166 stimulus randomly alternates in two opposite directions. A perturbation was introduced by (2)) was used as a metric to quantify the learning rate for each subject. We 174 observed that the mean learning rate for the cerebellar ataxia group (mean learning rate = 175 0.0071 ± 0.002, 95% CI 0.002 -0.012) was significantly lower than the mean learning rate 176 for the control group (mean learning rate = 0.023 ± 0.003, 95% CI 0.016 -0.03) ( Figure 2B ; p 177 = 3.3e-4, t (38) = 3.94, Cohen's d = 1.24). We also compared the mean errors in perturbation 178 trials, as opposed to the learning rates, to confirm the same result. The mean errors for the 179 cerebellar ataxia group (mean errors = 7.11 ± 0.92, 95% CI 5.18 -9.04) was significantly 180 higher than the mean errors for the control group (mean errors = 4.24 ± 0.45, 95% CI 3.30 -181 5.19) ( Figure 2C ; p = 0.0081, t (38) = 2.79, Cohen's d = 0.88). Consequent to the absence of 182 any overt motor learning, the cerebellar ataxia group showed no after-effect (post-adaptation; 183 mean errors = -2.29 ± 0.87, 95% CI -4.11 --0.47). The mean error during the first five trials 184 post-adaptation was used to quantify the aftereffect. However, the control group showed the characteristic, albeit weak after-effect in the opposite direction when the learned visuomotor 186 perturbation was turned off (mean errors = -6.22 ± 0.53, 95% CI -7.32 --5.12) ( Figure 2D Overall, the pattern of trajectories at baseline was nearly straight across the groups 202 and showed strongly curved trajectories in the presence of the visuomotor perturbation 203 ( Figure 3A ). The curved trajectories gradually became straighter with practice over the 204 course of about sixty trials in controls and patients with PD in the ON-dopamine state but not 205 in the case of PD patients during the OFF-dopamine state. As before, the reduction in 206 maximum error (equation (2)) was used as a metric to quantify the learning rate for each 207 subject. The mean learning rate for PD patients in the OFF-dopamine state (mean learning 208 rate = 0.005 ± 0.002, 95% CI 0.001 -0.010) was significantly less than the mean learning rate for the same patients during the ON-dopamine state (mean learning rate = 0.020 ± 0.001, 210 95% CI 0.016-0.023) ( Figure 3B ; p = 1.8e-06, t (19) = 6.77, Cohen's d = 1.51). There was no 211 difference in the mean learning rate between the patients during ON-dopamine and healthy 212 control group (mean learning rate = 0.022 ± 0.002, 95% CI 0.016 -0.027) ( Figure 3B ; p = 5.34 ± 0.62, 95% CI -6.64 --4.04, p = 0.18, t (38) = 1.35, Cohen's d = 0.42). To control for 226 the order in which patients were trained on the task, we separated the patient group into those 227 subjects that performed the task first from those subjects who performing the task second.
228
This was done for the OFF-dopamine and the ON-dopamine subjects. As illustrated in 229 ( Figure 3E and 3F) the main results remain the same independent of order.
230

Visuomotor adaptation in patients with deep brain stimulation (STN-DBS; Experiment 3): 231
Although the previous result indicates a role of dopamine in visuomotor adaptation, the 232 effects of oral levodopa formulation are not specific to basal ganglia but may involve 233 projections directly to the cerebellum via the ventral tegmental area (VTA) (Ikai et al., 1992, absence of reinforcement (median learning rate = 0.025 ± 0.005, 95% CI 0.015 -0.039)
286
( Figure 5B ; p = 0.04, rank sum= 115). Likewise, we observed no differences the mean errors 287 in perturbation trials in OFF and ON-dopamine without reinforcement groups ( Figure 5C ; dopamine median errors = -2.40 ± 0.79; p = 0.10, sign rank = 60). Similarly, the healthy 296 control group also did not show an after-effect without reinforcement ( Figure 5D ; control 297 median errors = -3.34 ± 0.72; p = 0.70, rank sum = 157).
298
Furthermore, when we compared healthy control subjects with and without 299 reinforcement ( Figure 6A ), the mean learning rate in the presence of reinforcement (mean 300 learning rate = 0.023 ± 0.004, 95% CI 0.013 -0.034) was similar to the mean learning rate 301 without reinforcement ( Figure 6B ; mean learning rate = 0.027 ± 0.005, 95% CI 0.016 - 6C; with reinforcement median errors = 3.07 ± 0.54, 95% CI 2.88 -5.30; without 305 reinforcement median errors = 3.46 ± 0.40, 95% CI 2.27 -4.50; p = 0.40, rank sum = 165).
306
Interestingly, we observed differences in the after effects in healthy control with and without 307 reinforcement. (Figure 6D ; with reinforcement mean errors = -6.31 ± 0.79, 95% CI -8.06 --308 4.56; without reinforcement mean errors = -4.06 ± 0.71, 95% CI -5.63 --2.48; p = 0.046, t interestingly abolished the difference between rate of adaptation we had previously observed 311 between patients ON versus OFF medication as well as those ON versus OFF DBS of the 312 STN.
313
In addition to the loss of dopaminergic input caused by the degeneration of neurons in 314 substantia pars compacta, the progression of PD is also thought to reconfigure the 315 connections within the basal ganglia (Albin et al., 1989) . To distinguish between these 316 hypotheses, we also analyzed the correlation between the rate of change in the learning 317 during OFF-and ON-states with the difference of the severity of motor symptoms measured 318 by Unified Parkinson's Disease Rating Scale part -III (UPDRS-III) during OFF-dopamine 319 and ON states. We observed no correlation between the differences in the UPDRS-III scores 320 in ON and OFF state with differences in the learning rate with or without reinforcement 321 (Figure 7 ; r = 0.15, p = 0.63 (without reinforcement), r = 0.12, p = 0.60 (with reinforcement) 322 and r = 0.26, p = 0.41 (DBS)). This analysis suggests that the difference in learning rates may 323 reflect changes in dopamine, rather than motor adaptations in basal ganglia as a consequence 324 of motor symptoms of PD.
In this study, we made two significant observations. First, we demonstrated how the presence 328 and absence of dopamine and STN stimulation influenced the rate of adaptation, thereby 329 implicating the role of basal ganglia in visuomotor adaptation. Second, we also showed that 330 reinforcement at the end of the trial profoundly affected drug-induced (dopaminergic) 331 learning in PD patients. Taken together, these results indicate a link connecting 332 reinforcement, dopamine and basal ganglia in the modulation of visuomotor adaptation.
333
We examined visuomotor adaptation using a well-studied visuomotor perturbation 334 (error-based task) with a few small modifications. Firstly, subjects had to learn to compensate 335 for a rotation of 45 whereas in most previous work the rotations are typically 30 rotations.
336
Secondly, the subjects made the movements on a table top but observed the effects on the 337 screen. Thus one could argue that a larger error and the more complex motor to vision 338 mapping may have involved basal ganglia by selectively engaging task-related errors 339 (Desmurget et al., 2004) , preferentially engaging role of more explicit strategic components 340 during learning (Taylor et al., 2014; Mongeon, D. et al., 2013) . Although, the current work 341 was not designed to rule out the role of explicit learning, since patients with cerebellar 342 degenerative diseases also exhibited similar deficits, we beleive that our task tapped into the 343 standard visuomotor adaptation paradigm that also involves the cerebellum (Martin et al., 344 1996; Maschke, 2003; Smith, 2005; Tseng et al., 2007; Criscimagna-Hemminger et al., 2010; 345 Donchin et al., 2012) . In addition, the pattern of learning deficits was not restricted to the 346 initial component of learning when the errors were large but rather reflects a global decrease 347 in learning rate captured by the exponential fit, indicating that the basal ganglia contribution 348 was not just restricted to the initial component of learning. This is in contrast to (Mongeon et 349 al., 2013) who showed that PD patients had a selective deficit for larger and possibly more 350 explicit errors but not for smaller and presumably more implicit errors. Although the 
